Abstract-Neodymium dititanate, Nd 2 Ti 2 O 7 (monoclinic structure, sp. gr. P2 1 ), has been prepared by solidstate reaction in air at temperatures from 1673 to 1773 K using the Nd 2 O 3 and TiO 2 oxides as starting materials. The high-temperature heat capacity of the resultant polycrystalline Nd 2 Ti 2 O 7 samples has been determined by differential scanning calorimetry. The experimental C p (T) data have been used to evaluate the thermodynamic functions of neodymium dititanate (enthalpy increment H°(T) -H°(320 K), entropy change S°(T) -S°(320 K), and reduced Gibbs energy Ф°(T)) in the temperature range 320-1053 K.
INTRODUCTION
Constant research interest in rare-earth titanates is aroused by the fact that they possess various properties, including ferroelectric ones with extremely high Curie temperatures (T C = 1773 K for La 2 [2] [3] [4] , and are potential candidates for practical application [2, 5, 6] . Among the R 2 Ti 2 O 7 compounds, Nd 2 Ti 2 O 7 is the best studied: there are data on suitable synthesis methods [2, 4, 5, 7] , the growth of Nd 2 Ti 2 O 7 single crystals [8] , its crystal chemistry [2, 5, [9] [10] [11] [12] [13] [14] , and its physical properties [2, 5, 12, 15, 16] . At the same time, many of its properties, especially its thermophysical properties, have not yet been investigated. The phase diagram of the Nd 2 O 3 -TiO 2 system has been the subject of several studies [17] [18] [19] . According to Zagorodnyuk et al. [17] [2, 5] . Later results [19] starting oxides were ground in an agate mortar and pressed into pellets, which were then fired in air to the following schedule: (1) 3 h at 1673 K + 1 h at 1773 K, (2) 1 h at 1673 K + 3 h at 1773 K, (3) 1 h at 1673 K + 4 h at 1773 K, and (4) 5 h at 1773 K. After each cycle, the resultant sintered samples were comminuted and the powders were re-pressed.
The phase composition of the synthesized samples was determined by X-ray diffraction on an X'Pert Pro MPD diffractometer (PANalytical, the Netherlands) with CoK α radiation. X-ray diffraction patterns were collected using a PIXcel fast detector (angular range 2θ = 13°-110°, scan step of 0.013°). The data thus obtained are presented in Fig. 1 . The synthesized neodymium dititanate powders were lilac-colored (which was also pointed out by Shcherbakova et al. [20] ). The lattice parameters of Nd 2 Ti 2 O 7 were determined as described previously [20] .
The heat capacity C p of neodymium titanate was determined by differential scanning calorimetry using an STA 449 C Jupiter thermoanalytical system (Netzsch, Germany). The experimental procedure was described in detail elsewhere [21, 22] . The experimental data were analyzed using the Netzsch Proteus Thermal Analysis software package and licensed Systat Sigma Plot 12 graphing software (Systat Software Inc, the United States). Table 1 compares the unit-cell parameters of the synthesized Nd 2 Ti 2 O 7 with those reported in the literature. It is seen that the present results are in satisfactory agreement with previously reported data.
As pointed out by Komissarova et al. [5] , there is a linear correlation between the unit-cell parameter of the R 2 Ti 2 O 7 (R = Sm-Lu) cubic pyrochlore compounds and the ionic radius of the rare-earth elements, r 3+ . Using structural data for R 2 Ti 2 O 7 (La 2 Ti 2 O 7 has a monoclinic structure, which is nearly orthorhombic and is referred to in a number of reports as pseudoorthorhombic (sp. gr. P2 1 /m or P2 1 ), and Ce, Pr, and Nd titanates have a similar crystal structure, in which each R 3+ ion is coordinated by eight oxygens [2, 5] ) [1, 12, [23] [24] [25] [26] [27] [28] , the unit-cell parameters a and b were shown to correlate with r 3+ , which can be represented by the equations:
The correlation coefficients for Eqs. (1) and (2) are 0.9834 and 0.9878, respectively. Note that, for all of the R 2 Ti 2 O 7 (R = La-Nd) compounds, the parameters c and β vary little. For the entire data set, they are 13.00 ± 0.01 Å and 98.49 ± 0.10°. The r 3+ values were taken from Shannon [29] . The a and b calculated by Eqs. (1) and (2) for Nd 2 Ti 2 O 7 agree well with the present experimental data.
The effect of temperature on the structure of Pr 2 Ti 2 O 7 has been studied in greatest detail [28] . The results demonstrate that, in the temperature range 40-1473 K, β remains essentially unchanged, whereas the unitcell parameters a, b, and c increase linearly with increasing temperature (the respective thermal expansion coefficients are 10.6 × 10 -6 , 10.4 × 10 -6 , and 7.0 × 10 -6 K -1 ). Figure 2 illustrates the effect of temperature on the heat capacity of Nd 2 Ti 2 O 7 . It is seen that, as the temperature is raised from 320 to 1053 K, its C p rises systematically and there are no extrema in the C p (T) curve. This can be interpreted as evidence that neodymium dititanate undergoes no polymorphic transformations in this temperature range. Given that no structural changes were detected for Pr 2 Ti 2 O 7 in the temperature range 40-1473 K, it cannot be ruled out that the same refers to Nd 2 Ti 2 O 7 , which is isostructural with the praseodymium compound.
The present heat capacity data for Nd 2 Ti 2 O 7 are well represented by the classic Maier-Kelley equation (3) which has the following form in the case of the titanate:
The correlation coefficients for Eq. (3) Table 2 and demonstrate that, above 600 K, the C p values obtained exceed the Dulong-Petit limit 3Rs, where R is the gas constant and s is the number of atoms per formula unit (s = 11 for Nd 2 Ti 2 O 7 ). It is known that isochoric heat capacity C V rather than isobaric heat capacity C p should be used in such a case for comparison. At the same time, to determine C V from experimental C p data, additional data are needed. For example, calculations with the relation [30] (5) require knowledge of the thermal expansion coefficient α and isothermal compressibility μ. Such data for Nd 2 Ti 2 O 7 are not available in the literature.
The Debye characteristic temperature Θ D of Nd 2 Ti 2 O 7 was determined from experimental heat capacity data by two methods. In one of them, it was found using the relation (6) where D(Θ D /T) is the Debye function [31] . Θ D was determined to be 494 K. In the other method, Θ D was
(258.08 ± 0.38) + (37.9 ± 0.4) 10 (27.91 ± 0.38) 10 .
evaluated as in a previous study [32] using Eq. (3) represented in the form (7) and the relation (8) ( ) The Debye characteristic temperature evaluated using a combination of the coefficients of T -2 in Eqs. (7) and (8) 
